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The fork head/HNF-3 genes form a subclass of a family of transcription factors united by the possession of a conserved
DNA binding domain known as the fork head domain. Most vertebrate HNF-3 class genes show several conserved sites of
expression during development, including the dorsal lip/Hensen's node, notochord and ¯oor plate, all structures known to
organise adjacent tissues. In this paper I report the characterisation of HNF-3 class genes from the cephalochordate amphi-
oxus. I show that amphioxus has two HNF-3 class genes, named AmHNF-3-1 and AmHNF-3-2; molecular phylogenetic
analysis reveals that these derive from an independent duplication in the cephalochordate lineage. The expression of both
genes in early development appears identical and shows striking similarities to that of vertebrates. In neurulae, transcripts of
both genes were detected in the presumed organiser, endoderm, and notochord, supporting morphological and embryological
evidence that these are homologous between vertebrates and amphioxus. This expression pattern overlaps considerably
with that of amphioxus brachyury, suggesting that the functional relationship between these genes in vertebrates is
conserved with amphioxus. Expression of both genes was maintained in the endoderm and notochord up to the 6 somite
stage. After the 6 somite stage no expression of AmHNF-3-2 was detected and expression of AmHNF-3-1 began to decrease
in the notochord, such that by the 10 somite stage transcripts were only detected in the terminal regions. At this stage,
however, a column of AmHNF-3-1-expressing cells was detected at the ventral midline of the neural tube, a position
occupied by the ¯oor plate in vertebrates. This is the ®rst evidence that amphioxus has a ¯oor plate which is speci®ed by
a mechanism conserved with vertebrates. Taken together these data support two conclusions: Firstly, that the role of the
dorsal lip/Hensen's node, notochord, and ¯oor plate as organisers of the vertebrate body plan evolved prior to the separation
of the vertebrate and cephalochordate lineages, at least 520 million years ago. Secondly, that the role of HNF-3 genes in
these structures predates the origin of the multiple HNF-3 genes found in vertebrates. q 1997 Academic Press
INTRODUCTION Hromas et al., 1993; Kaestner et al., 1993; King and Moore,
1994; Pierrou et al., 1994; Dirksen and Jamrich, 1995). Cur-
rent data indicate that, while there are numerous fork headFamilies of genes encoding conserved protein domains
domain genes in the genomes of these organisms, the Dro-play prominent roles during the development of metazoans.
sophila fkh/HNF-3 group of genes (which includes HNF-3a,One such gene family is that initially de®ned by the conser-
b, and g in the mouse, HNF-3b in the chick, HNF-3b,vation of an 110-amino-acid protein domain between the
XFKH2, and pintallavis in Xenopus, and axial in zebra®sh)Drosophila gene fork head (fkh) and the rat liver factors
are more similar to each other than to other fork head do-HNF-3a, b, and g (Weigel and JaÈckle, 1990). This conserved
main-encoding genes. Therefore, the HNF-3/fkh genes candomain, termed the fork head domain, forms a structure
be considered a separate class within the fork head domainknown as a winged helix and has been shown to be involved
family and are hereafter termed the HNF-3 class.in DNA binding (Clarke et al., 1993; Kauffman et al., 1994).
The expression of HNF-3b has been examined in rat,This suggests that proteins possessing a fork head domain
mouse, chick, Xenopus, and zebra®sh embryos (Ang et al.,are capable of acting as transcription factors.
1993; Monaghan et al., 1993; Ruiz i Altaba et al., 1993b,The abundance of genes encoding fork head domains has
1995; Sasaki and Hogan, 1993; StraÈhle et al., 1993). Compar-been investigated in mice, humans, Xenopus, zebra®sh, and
Drosophila (Hacker et al., 1992; Clevidence et al., 1993; ison of these expression patterns reveals several common
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sites of expression; the endoderm, the embryonic organiser, pressed, I have characterised HNF-3 class genes from the
cephalochordate amphioxus. I show that amphioxus has atthe ¯oor plate of the neural tube, and, with the exception
of Xenopus, the notochord express HNF-3b in all these spe- least two HNF-3 class genes, named AmHNF-3-1 and
AmHNF-3-2, which are more closely related to each othercies. Similarly, rat and mouse HNF-3a and their probable
orthologue in Xenopus, XFKH2, are also expressed in these than to any vertebrate gene, suggesting they have arisen
from an independent duplication in the cephalochordatetissues; differences in timing and in regional endoderm ex-
pression distinguish them from the HNF-3b expression pat- lineage. The expression of these genes in amphioxus neuru-
lae is strikingly similar to that of the vertebrate HNF-3 classtern (Ang et al., 1993; Bolce et al., 1993; Monaghan et al.,
1993; Ruiz i Altaba et al., 1993b; Sasaki and Hogan, 1993). genes: Transcripts were ®rst detected in the presumptive
organiser of gastrulating embryos and in invaginating pre-Two other HNF-3 class genes, HNF-3g and pintallavis, have
also been characterised in vertebrates. HNF-3g has been sumptive notochord and endoderm cells. Subsequently,
transcripts of both genes were detected in the notochord andisolated from mouse and rat and has been found to be ex-
pressed only in a subset of endoderm-derived tissues (Mo- endoderm. Transcripts of AmHNF-3-1 were also detected in
the ventral midline of the neural tube, providing the ®rstnaghan et al., 1993; Ruiz i Altaba et al., 1993b). pintallavis
is a Xenopus gene which has not been directly assigned to molecular evidence that the amphioxus neural tube has a
distinct ¯oor plate. These data suggest that the role of theany particular mouse gene the basis of sequence. pintallavis
expression is con®ned to the dorsal lip, hypochord, noto- node, notochord, and ¯oor plate as organisers in chordate
embryos evolved before the divergence of the cephalochor-chord, and ¯oor plate (Dirksen and Jamrich, 1992; KnoÈ chel
et al., 1992; Ruiz i Altaba and Jessell, 1992). The observation date and vertebrate lineages.
that the sum of the expression patterns of Xenopus pintal-
lavis and HNF-3b were similar to that of mouse HNF-3b
alone led Ruiz i Altaba et al. (1995) to propose that pintal- MATERIALS AND METHODS
lavis is speci®c to Xenopus and that an orthologous gene
does not exist in the mouse or chick genome. DNA Extraction and in Vitro Fertilisation of
AmphioxusThere are species-speci®c and conserved features of the
expression patterns of vertebrate HNF-3 class genes. Partic-
Adult amphioxus (Branchiostoma ¯oridae) were collected from
ularly striking is the conserved expression in the organiser Old Tampa Bay, Florida, in August 1994 and 1995. Individual adults
and in the midline structures of the notochord and ¯oor for DNA extraction were homogenised in 1 ml of guanidinium
plate, all tissues which have been shown to organise adja- isothiocyanate solution (4 M guanidinium isothiocyanate, 50 mM
cent tissues during development (Spemann and Mangold, Tris±HCl, pH 7.6, 10 mM EDTA, 2% Sarcosyl with 1% b-mercap-
toethanol added immediately prior to use) and stored at 0207C. For1924; Placzek et al., 990; Yamada et al., 1993). There is also
genomic DNA extraction, 1 ml of phenol (saturated with TE, pHevidence to suggest that the functions of some HNF-3 class
7.6), 0.2 ml of chloroform:isoamyl alcohol (49:1), and 0.1 ml of 2genes in these tissues are conserved. The early role of HNF-
M sodium acetate, pH 5.4, were added and the mixture was gently3b in the mouse and pintallavis in Xenopus appears to in-
shaken and left on ice for 15 min. The samples were then centri-volve the control of notochord speci®cation/differentiation,
fuged at 5000g for 20 min, and the aqueous layer was extracteda function which may involve synergy with Brachyury (Ang
once with TE-equilibrated phenol and once with chloroform and
and Rossant, 1994; Weinstein et al., 1994; O'Reilley et al., precipitated with ethanol. The resulting precipitate of genomic
1995). Later in development, gain-of-function experiments DNA was washed in 70% ethanol, dried, and resuspended in 400
in Xenopus and mouse have shown that expression of pin- ml of TE.
tallavis or HNF-3b can cause ectopic differentiation of ¯oor Ripe adults were used for in vitro fertilisation as described by
Holland and Holland (1993). Embryos and larvae were reared inplate in inappropriate areas of the neural tube (Ruiz i Altaba
®ltered seawater at 247C and ®xed overnight at 47C in Mops-buf-and Jessell, 1992; Ruiz i Altaba et al., 1993a; Sasaki and
fered paraformaldehyde (4% paraformaldehyde in 0.5 M NaCl, 1Hogan 1994). These results indicate that expression of these
mM MgSO4 , 2 mM EGTA, 0.1 M morpholinopropanesulfonic acid,HNF-3 class genes does not just mark these organising
pH 7.5) before transfer to 70% ethanol and storage at 0207C.structures but has a role in their speci®cation and/or func-
tion. The role of other HNF-3 class genes in mesoderm and
neurectoderm and the role of all HNF-3 class genes in em- PCR Ampli®cation of Amphioxus HNF-3
bryonic endoderm is yet to be determined. Homologues
The comparison of gene expression patterns between taxa
Degenerate oligonucleotide primers corresponded to the aminocan provide insight into the evolution and development of
acid sequences TL(SN)EIYQW (FK1, sense primer) and QKRFK-both conserved and derived body structures (for example,
(DCL)E (FK3, antisense primer). The corresponding DNA sequencessee Akam et al., 1994). To apply such comparison to the
were: FK1 (5* to 3*): ACGCTGAGTGA(AG)AT(ATC)TA(TC)-
Vertebrata, the most appropriate taxa for study are the two CA(AG)TGG and FK3 (5* to 3*): CCTCTCACACTTGAA(ACT-
other subphlya in phylum Chordata, the Urochordata and G)C(CG)(TC)TT(CT)TG.
Cephalochordata. Thus, to increase our understanding of These sequences are highly conserved between vertebrate HNF-3
the role of HNF-3 class genes in vertebrate development genes and Drosophila fork head but less conserved in other genes
containing fork head-related domains. PCR ampli®cation was per-and the evolution of the structures in which they are ex-
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formed for 35 cycles of 947C (60 sec), 527C (45 sec), 727C (60 sec)
preceded by an initial denaturation at 947C (90 sec) and followed by
a ®nal extension at 727C (120 sec). PCR products were blunt ended
(Holland 1993) and cloned into Sma1-cut pUC-18 (Pharmacia).
Isolation and Characterization of Genomic and
cDNA Clones of Amphioxus HNF3
An amphioxus genomic library in LambdaFIXII (Garcia-FernaÁn-
dez and Holland, 1994) and two cDNA libraries in LambdaZAPII
(one made from 3- to 5-day larvae and a gift from L. Z. Holland,
Scripps Oceanographic Institute, the second made from 5- to 24-hr
embryos and a gift from J. Langeland, University of Oregon) were
screened with PCR-derived fragments. Hybridisations were carried
out in the buffer described by Church and Gilbert (1984) at 657C
and hybridising clones plaque puri®ed. cDNA's were rescued in
pBSII(SK/) (according to Stratagene's instructions) and sequenced
in both directions by a combination of subcloning and walking
with speci®c oligonucleotide primers. DNA from genomic clones
was prepared according to Sambrook et al. (1989) and mapped by
Southern blotting. Fragments hybridising to the amphioxus HNF3
PCR-derived probe were cloned into pBSII(SK/) (Stratagene) and
sequenced with primers FK1 and FK3.
FIG.1. Southern blot of genomic DNA extracted from four indi-
Genomic Southern Analysis vidual adult amphioxus, digested with EcoRI (R) or HindIII (H) and
hybridised to the AmHNF-3-1 PCR probe at reduced stringency. In
DNA prepared from individual adult amphioxus of known sex the EcoRI digest lanes two major bands are seen at approximately
was digested with EcoRI or HindIII and electrophoresed on a 0.7% 8.0 and 3.5 kb, matching the sizes of AmHNF-3-1 and AmHNF-3-
agarose gel. After staining with ethidium bromide to visualise the 2 predicted from analysis of genomic clones. Multiple weaker bands
DNA, the gel was depurinated, denatured, and neutralised ac- are also present, suggesting that the amphioxus genome contains
cording to Sambrook et al. (1989) and transferred onto Hybond N other genes encoding fork head domains distantly related to
(Amersham). Southern blots were hybridised as described for library AmHNF-3-1.
screening.
acetic acid for 30 min, and then set in LR White medium resinMolecular Phylogeny of HNF-3 Genes
(TAAB Laboratory Supplies). Sections were cut at 3.5 mm.
Alignments of vertebrate and amphioxus HNF-3 and Drosophila
fork head protein sequences were assembled using the CLUSTAL
RESULTSV program (Higgins et al., 1991). Phylogenies were constructed us-
ing the SEQBOOT, PROTDIST, NEIGHBOR, PROTPARS, and Isolation of Amphioxus HNF-3 PCR and GenomicCONSENSE subprograms of the PHYLIP 3.5 package (Felsenstein,
Clones1993), implemented by the human genome mapping project com-
puters at Hinxton Hall, Cambridge. Con®dence in the phylogeny PCR ampli®cation of amphioxus genomic DNA with
was assessed by performing 100 bootstrap resamplings of the data. primers FK1 and FK3 identi®ed a fragment of a single gene
which contained a fork head domain most closely related
to the HNF-3 class. This fragment was used to isolate hy-
Whole-Mount in Situ Hybridisation bridising phage clones from an amphioxus genomic library;
however, mapping of these phage resolved them into twoWhole-mount in situ hybridisation was carried out as described
by Holland et al. (1995). RNA antisense to AmHNF-3-1 was synthe- distinct sets of overlapping clones (data not shown). To de-
sised from the entire AmHNF-3-1 cDNA or from a 0.8-kb subclone termine if these sets represented two independent HNF-3
containing only 3* untranslated sequence. The latter probe gave class genes, the relevant fragments were subcloned and the
identical results to the entire cDNA, although with higher back- fork head domains sequenced. This revealed two different
ground level. RNA antisense to AmHNF-3-2 was synthesised from HNF-3 class fork head domain-encoding sequences with
the entire AmHNF-3-2 cDNA. Since the two genes share only 72% 72% similarity and 81% identity to each other. These were
similarity in the 300 bp forming the most conserved region, no
named AmHNF-3-1 and AmHNF-3-2. To con®rm that thesecross-hybridisation should occur at the stringency used. Stained
were separate loci and did not represent different alleles ofembryos were stored in 4% formaldehyde in PBS and mounted
the same gene, a Southern blot of genomic DNA extractedunder coverslips in 100% glycerol for photography using Kodak
from individual amphioxus was probed with the PCR-de-100T or Fuji 64T ®lm. For sectioning, embryos were dehydrated in
ethanol, stained in 1% eosin in ethanol or 1% poinceau S in 1% rived HNF-3 domain fragment (Fig. 1). This revealed two
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8481 / 6x19$$$$61 02-13-97 15:59:24 dba
77Amphioxus HNF-3 Genes
major hybridising bands for each individual, the sizes of Expression of AmHNF-3-1 and AmHNF-3-2 in
Amphioxus Gastrulae and Neurulaewhich matched that predicted from the two sets of genomic
phage. These data indicate that the amphioxus genome con- Whole-mount in situ hybridisation was used to examine
tains two HNF-3 class genes. the expression of AmHNF-3-1 and AmHNF-3-2 between 7
and 36 hr of development, encompassing a period from gas-
trulation through to the early larva (Hatschek, 1881). In
early gastrulae, no expression of AmHNF-3-1 or -AmHNF-Isolation of AmHNF-3-1 cDNA Clones
3-2 was detected. By 10 hr of development, amphioxus em-
bryos reach the early neurula stage. In these embryos tran-Screening of amphioxus embryonic cDNA libraries with
scripts of both genes were detected around the blastoporethe AmHNF-3 PCR clone identi®ed eight hybridising
(Figs. 4A and 4B). Transcripts were also detected in invagi-clones. Sequencing the fork head domains of these clones
nated dorsal mesodermal cells which are fated to form theresolved them into two groups, with three clones having
notochord and in the invaginating endoderm (Figs. 4A±4Didentical sequence to AmHNF-3-1 and ®ve to AmHNF-3-2.
and 5A). No qualitative differences were detected betweenThe longest representative of each gene was fully sequenced
the expression patterns of AmHNF-3-1 and AmHNF-3-2 atand found to encode 404-amino-acid (AmHNF-3-1) and 442-
these stages. However, despite the use of equivalent reac-amino-acid (AmHNF-3-2) proteins. Comparison of the de-
tion conditions and similar length probes, embryos hybridi-duced protein sequences with those encoded by the verte-
sed to AmHNF-3-2 took four to ®ve times longer to stainbrate HNF-3 class genes conclusively identi®ed them as
than embryos hybridised to AmHNF-3-1. This suggests aamphioxus HNF-3 class genes; important distinguishing
signi®cant quantitative difference between the expressionfeatures included two conserved domains found only in
levels of the two genes, with AmHNF-3-1 expressed atHNF-3 class genes, including Drosophila fork head, which
higher levels than AmHNF-3-2.were present at the carboxy end of the protein (Fig. 2). There
is also limited conservation at the amino terminus; how-
ever, outside of these conserved domains the proteins bear Expression of AmHNF-3-1 and AmHNF-3-2
no relationship to any speci®c vertebrate HNF-3 class pro- between the Neurula and Larval Stages
tein.
By the late neurula stage the essentials of the chordate
body plan, the dorsal to ventral ordering of the neural plate,
notochord, and endoderm, are established. The subsequent
18 hr of amphioxus development are apparent externally byMolecular Phylogenetic Reconstruction of HNF-3
the anterior±posterior lengthening of the body and by theClass Genes
sequential formation of the somites (Hatschek, 1881; Wil-
ley, 1894).Molecular phylogenetic reconstruction was performed us-
ing the 110-amino-acid fork head domain of characterised Early during this period, in embryos with approximately
six somites, expression of AmHNF-3-1 and AmHNF-3-2 wasHNF-3 class genes; zf-FKH-1 and zf-FKH-2, which are proba-
bly also HNF-3 class genes, were not included since only detected throughout the notochord (Figs. 4E and 4F) Expres-
sion of both genes was also detected in the endoderm, withpartial sequence of the fork head domain is available (Dirk-
sen and Jamrich, 1995). A phylogenetic tree constructed by an anterior boundary separating nonexpressing cells in the
pharyngeal region with expressing cells to the posterior.Neighbor Joining is shown in Fig. 3. Analysis of the same
data by maximum parsimony produced a tree with the same Sectioning of embryos at this stage con®rmed the tissue
localisations described above and failed to identify any ex-topography but higher bootstrap values (not shown). Nei-
ther of these two programs assume a root to the tree; how- pressing cells in the neural tube (Figs. 5B±5D). Detection
of AmHNF-3-2 at this stage required extreme lengtheningever, on the basis of the conventional classi®cation of these
taxa, I place the root between Drosophila and amphioxus. of the staining process (to greater than 48 hr).
By the 8 somite stage expression of AmHNF-3-2 could noThe results strongly support the hypothesis that the two
amphioxus HNF-3 class genes are derived form an indepen- longer be detected (data not shown). Expression of AmHNF-
3-1 was still detected in the endoderm and the notochord,dent duplication in the cephalochordate lineage; thus, nei-
ther can be considered closer than the other to any single although expression in all but the terminal regions of the
notochord had begun to decrease (Fig. 4G). This reductionvertebrate HNF-3 gene. The tree also supports the hypothe-
sis that there have been two separate duplications in the in expression in the centre of the notochord continued such
that by the 10 somite stage it was con®ned to the extremelineage leading to vertebrates, the ®rst creating HNF-3b and
an HNF-3a/g hybrid, the second affecting only this hybrid anterior and posterior cells (Figs. 4H, 6A, and 6D). Expres-
sion of AmHNF-3-1 in the posterior endoderm of 10 somiteand creating HNF-3a and HNF-3g. The exact position of
pintallavis in this phylogeny is uncertain; the bootstrap embryos began to decrease, leaving a central block of cells
maintaining strong AmHNF-3-1 expression (Fig. 4H). Atvalue of 80 strongly suggests it clusters with HNF-3a and
HNF-3g, but its exact relationship to these genes is unre- this stage expression was also detected in midline endoderm
beneath the anterior notochord.solved.
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FIG. 2. Comparison of the predicted amino acid sequence of AmHNF-3-1 and AmHNF-3-2 with that of the known vertebrate HNF-3
class genes. Rat HNF-3a, b, and g sequences are not included due to their close identity to the mouse HNF-3a, b, and g sequences (95,
98, and 97%, respectively). The 110-amino-acid fork head domain is shown in bold, as are two conserved domains of unknown function
at the carboxy terminus. Sources of sequences: Rat HNF-3a, Lai et al. (1990); rat HNF-3b and g, Lai et al. (1991); mouse HNF-3a, b, and
g, Kaestner et al. (1994); chick HNF-3b, Ruiz i Altaba et al. (1995); frog HNF-3b, Ruiz i Altaba et al. (1993b); zebra®sh axial, StraÈ hle et
al. (1993); XFKH2, Bolce et al. (1993); pintallavis, Ruiz i Altaba and Jessell (1992), Dirksen and Jamrich (1992), Knockel et al. (1992).
Prolonged staining and subsequent sectioning of 10 so- Serial sections of embryos stained in this manner con®rmed
these tissue locations, showing that only ventral neuralmite embryos revealed that expression of AmHNF-3-1 could
also be detected in the neural tube (Fig. 6). Expression was cells were expressing AmHNF-3-1 (Figs. 6B and 6C). Sec-
tions also con®rmed that cells of the anterior cerebral vesi-detected in the ventral-most cells along the length of the
neural tube to an anterior limit at approximately the start cle, despite contacting the notochord, did not express
AmHNF-3-1 (Fig. 6D). Similar analysis of later embryonicof the swelling that de®nes the anterior cerebral vesicle.
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FIG. 3. Phylogenetic tree of HNF-3 class genes based on analysis of the amino acid sequence of the fork head domains by Neighbor
Joining, which does not assume a root. Values adjacent to the nodes represent the score from 100 bootstrap resamplings of the data and
provide a level of con®dence in the tree. The tree indicates that the two amphioxus genes are most closely related to each other and were
formed by a duplication speci®c to the cephalochordate lineage marked at (1). The HNF-3b proteins form a monophyletic group with
axial, a grouping supported by a bootstrap value of 94. This supports the suggestion that axial is the zebra®sh orthologue of HNF-3b
(StraÈhle et al., 1993). pintallavis groups with the HNF-3a and g proteins; however, the node separating these three groups is only supported
by a low bootstrap value. Thus, two separate duplications of HNF-3 genes have occurred in vertebrates: The ®rst at (2) gave rise to the
HNF-3b gene and to the branch leading to the HNF-3a and g genes. The second at (3) occurred more recently and gave rise to distinct
HNF-3a and g genes. There is no measure of evolutionary distance in this tree; thus, the branch lengths do not indicate relative difference
between genes.
stages also failed to detect expression of AmHNF-3-1 in the tebrate HNF-3 class genes allows deductions to be made
concerning the evolution of this gene family and of theanterior cerebral vesicle (data not shown).
tissues in which its genes are expressed, several of which
play key roles in the organisation of the vertebrate body
Expression of AmHNF-3-1 in Amphioxus Larvae plan.
At approximately 36 hr of development the mouth breaks
through the wall of the pharynx and the larva, now fully
Characterisation of Amphioxus HNF-3 Class Genesmotile, begins to feed. At this stage, expression of AmHNF-
3-1 was con®ned to three areas; a small area of cells in the The characterisation of amphioxus HNF-3 genomic
pharynx, a region of central endoderm and the tail bud (Fig. clones suggested that amphioxus has at least two HNF-3
4I and data not shown). class genes. This ®nding was further investigated in three
ways: Firstly, fragments from both clones were sequenced,
revealing similar but distinct HNF-3 class fork head do-
DISCUSSION mains. Secondly, Southern analysis of genomic DNA from
individual amphioxus identi®ed two strongly hybridising
bands with sizes corresponding to those predicted from theIn this paper I describe the characterisation and expres-
sion of amphioxus homologues of the HNF-3 class of tran- genomic clones. Thirdly, screening of amphioxus embry-
onic cDNA libraries identi®ed clones corresponding to thescription factors. Comparison of the sequence and expres-
sion of AmHNF-3-1 and AmHNF-3-2 with those of the ver- two genomic phage sequences. This con®rms that the am-
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FIG. 5. (A) Sagittal section through an amphioxus neurula stained in whole-mount for AmHNF-3-2, showing expression in the presumptive
notochord. Anterior is to the left. (B±E) Serial transverse sections from posterior (B) to anterior (E) through a 6 somite amphioxus embryo
stained in whole-mount for AmHNF-3-1. (B) In the posterior of the embryo a central mass of stained cells is seen, with no clear delineation
between notochord and endoderm. (C) More rostrally the archenteron is seen surrounded by endoderm to the bottom and sides and
notochord above. The distinction between the two is more obvious in D. (E) In more anterior regions expression in the endoderm is much
reduced. The delayed development of the notochord in the anterior is apparent in this section, since it is still not fully separated from
the endoderm. No expression of AmHNF-3-1 was detected in the neural plate of 6 somite embryos. The scale bar is equivalent to 40 mm
for A and to 20 mm for B to E. a, archenteron; e, endoderm; n, notochord; np, neural plate; pn, presumptive notochord; s, somite.
FIG. 6. Serial sections from posterior (A) to anterior (D) through a 10 somite embryo after extensive staining for AmHNF-3-1. The scale
bar on C is equivalent to 40 mm and is applicable to the other sections. (A) Section through the posterior, showing expression in endoderm
and notochord and in neural cells overlying the notochord (arrow). (B, C) Progressively more anterior sections. Expression is lost in the
notochord but maintained in the ventral neural tube (arrows) and endoderm. (D) In the anterior the cerebral vesicle is apparent as a
swelling of the neural tube. No expression is present in the ventral neural tube; however, expression can be seen in the notochord and
the dorsal midline of the endoderm. cv, cerebral vesicle; e, endoderm; me, midline endoderm; n, notochord.
phioxus genome encodes at least two HNF-3 class genes. It cates that they are derived from a relatively recent duplica-
tion in the lineage leading to amphioxus, after its separationdoes not, however, fully rule out the possibility that other,
as yet undiscovered, HNF-3 class genes are also present. from that leading to vertebrates (Fig. 3). The AmHNF-3
genes are not unique in this respect since the transcriptionAnalysis of the evolution of the HNF-3 class genes showed
that the two amphioxus genes are more closely related to factor Brachyury also appears to have undergone an inde-
pendent duplication in amphioxus (Holland et al., 1995b).each other than to HNF-3 genes in other species. This indi-
FIG. 4. Expression of AmHNF-3-1 and -2 as detected by whole-mount in situ hybridisation. Anterior is to the left in all cases. The scale
bar in A is equivalent to 50 mm and is applicable to the other specimens. (A±D) Lateral (A,B) and dorsal (C,D) views of amphioxus neurulae
stained for AmHNF-3-1 (A,C) and AmHNF-3-2 (B,D). Expression of both genes is visible in the presumptive notochord and invaginating
endoderm. (E) Expression of AmHNF-3-1 and (F) of AmHNF-3-2 in 6 somite embryos. Expression can be seen throughout the notochord
and in much of the endoderm, excluding that of the pharyngeal region. Detection of AmHNF-3-2 expression at this stage required extensive
staining and was not detected in older embryos. (G) Expression of AmHNF-3-1 in an 8 somite embryo. Intense expression is maintained
in the endoderm; however, expression in the centre of the notochord has begun to diminish. (H) Expression of AmHNF-3-1 in a 10 somite
embryo. Expression in the notochord is now restricted to the extreme anterior and posterior cells (arrows). (I) Anterior of an amphioxus
larvae at 36 hr of development. Expression of AmHNF-3-1 is seen in a small region of the pharynx (arrow) and in a wider region of more
posterior endoderm (arrowhead). a, archenteron; b, blastopore; e, invaginating endoderm; pn, presumptive notochord; n, notochord; np,
neural plate; nt, neural tube.
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The Evolution of Chordate HNF-3 Genes differences between the two proteins and the potential for
differences in expression in the larva or adult.
Molecular phylogenetic analysis of the fork head domains
of HNF-3 class genes suggests that at least three indepen-
Conserved Expression of AmHNF-3-1 and AmHNF-dent duplications of HNF-3 genes have occurred during the
3-2 during Early Developmentevolution of the chordates (Fig. 3). One duplication, as dis-
cussed above, was speci®c to the lineage leading to present The vertebrate HNF-3 genes have a conserved, character-
day cephalochordates and has resulted in the two closely istic pattern of expression during early development: With
related genes, AmHNF-3-1 and -2. From this result we can some exceptions, expression is seen in the organiser, endo-
hypothesise that the common ancestor of cephalochordates derm, and notochord. The early expression of AmHNF-3-1
and vertebrates had a single HNF-3 class gene. and -2 is strikingly similar to this pattern. Transcripts were
The second two gene duplications have occurred in the ®rst detected around the blastopore of gastrulating embryos,
vertebrate lineage after its divergence from that leading to speci®cally in the dorsal region and endoderm. This sup-
amphioxus (Fig 3). The ®rst gave rise to HNF-3b and an ports the hypothesis that the dorsal region of the amphioxus
HNF-3a/g hybrid. This duplication must have occurred embryo blastopore is homologous to the organiser of verte-
prior to the separation of the teleost and tetrapod lineages, brates, as indicated by their similar position in the embryo
since both these taxa possess distinct HNF-3b genes. Later (Hatschek, 1881; Willey, 1894). Subsequently, high levels
in evolution the HNF-3a/g hybrid underwent a further du- of AmHNF-3-1 were detected in the notochord and in cen-
plication, resulting in the HNF-3a and g genes. Holland et tral and posterior endoderm.
al. (1994) and Sharman and Holland (1996) have observed In Xenopus, it has been shown that pintallavis and Xbra,
that several gene families show evidence of two separate a homologue of the mouse Brachyury gene, synergise during
duplications during vertebrate evolution, one occurring the speci®cation of dorsal mesoderm, including notochord
prior to the divergence of the agnathan and gnathostome (O'Reilley et al., 1995). This is supported by the study of
lineages, the second after this divergence. It is likely that naturally occurring mutants of Brachyury and of targeted
the two duplications in the HNF-3 gene class occurred at mutants of HNF-3b, all of which show a reduction or lack
the same time; this hypothesis is directly testable since it of notochord (Hermann et al., 1990; Ang and Rossant, 1994;
predicts that extant agnathans will possess two HNF-3 Schulte-Merker et al., 1994; Weinstein et al., 1994). The
genes, one orthologous to HNF-3b, the second an HNF-3a/ amphioxus homologues of Brachyury, Ambra-1 and Am-
g hybrid. bra-2, also have a conserved pattern of expression, with
The position of pintallavis in this phylogeny is unre- transcripts detected around the blastopore and in the noto-
solved, although it groups with the HNF-3a and g genes. chord and posterior mesoderm (Holland et al., 1995b). The
Ruiz i Altaba et al. (1995) suggested that pintallavis may not expression of both AmHNF-3 and the AmBra-genes around
have a direct homologue (orthologue) in amniotes. Since, the blastopore of gastrulating amphioxus embryos suggests
however, Xenopus and mice have orthologues of HNF-3a, that the regulatory pathway involving these two gene fami-
the duplication creating HNF-3a and g must have occurred lies may be conserved between cephalochordates and verte-
prior to the separation of these two lineages. Therefore, Xen- brates, lineages which last shared a common ancestor over
opus should also possess an orthologue of HNF-3g. One 520 million years ago (Sansom et al., 1992). It is curious that
interpretation of the phylogeny is that pintallavis is or- these functionally related transcription factors, AmHNF-3
thologous to mouse HNF-3g, with the difference in their and AmBra, are to date the only two to also show indepen-
patterns of expression resulting from divergent utilisation dent duplications in amphioxus. Does this represent a func-
of HNF-3 genes in the lineages leading to Xenopus and tional coduplication of genes? This intriguing hypothesis is
mammals. unfortunately untestable with the current level of genetics
and embryology in amphioxus.
Similarity of Expression of AmHNF-3-1 and
AmHNF-3-2 Expression of AmHNF-3-1 in the Anterior
NotochordIn early development the expression of AmHNF-3-1 and
-2 was spatially identical, although the level of expression Between the 6 and 10 somite stages expression of
AmHNF-3-1 in the centre of the notochord was seen toof AmHNF-3-2 was lower than that of AmHNF-3-1. Later
the expression patterns appeared to differ, since after about diminish, leaving isolated areas of expression in the anterior
and posterior extremes. The anterior of the amphioxus noto-the 6 somite stage, AmHNF-3-2 could no longer be detected.
The similarity in early expression suggests that the duplica- chord is atypical amongst chordates since it extends to the
anterior limit of the neural tube. This is often considered ation creating AmHNF-3-1 and -2 was accompanied by dupli-
cation of the control elements responsible for the early ex- derived feature of amphioxus, speci®cally adapted to
strengthen the head for burrowing into sediment. An alter-pression pattern. It also raises the question of why does
amphioxus has two genes at all, if the expression patterns native view, however, is that the rostrally expanded noto-
chord is the ancestral state in chordates but has only beenare identical? Possible explanations include biochemical
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retained in amphioxus. Thus far, palaeontology has failed placing this limit adjacent to the anterior end of the noto-
chord (reviewed by Shimamura et al., 1995). Anterior toto discern between these two possibilities, providing exam-
ples of Cambrian cephalochordates with both rostrally ex- this is a region with some (but not all) of the characteristics
of the ¯oor plate which reaches approximately the level ofpanded and truncated notochords (Chen et al., 1995, and
references therein). The continued expression of AmHNF- the infundibulum. The exact anterior limit of AmHNF-3-1
in the amphioxus neural tube has not been precisely deter-3-1 in the anterior notochord would suggest that there is a
delay in the differentiation of these cells, which correlates mined since the neural tube at this stage lacks de®nitive
anatomical markers, although it appears to coincide withwith their delayed separation from the endoderm (Willey,
1894). This supports the view that the rostrally expanded the swelling marking the anterior cerebral vesicle. Lacalli
et al. (1994), however, place the anterior limit of ¯oor platenotochord is a derived feature of amphioxus, since it sug-
gests continued morphogenesis of the anterior notochord cells just posterior to the infundibulum, approximately in
keeping with that observed for vertebrates. This raises andespite the overall anterior to posterior development of am-
phioxus. interesting question: If, as discussed above, the amphioxus
notochord extends under the anterior of the cerebral vesicle,
why are ¯oor plate and AmHNF-3-1 expression not alsoExpression of AmHNF-3-1 in the Floor Plate of the induced here? One possibility is that the signal inducing
Neural Tube ¯oor plate is absent, a second that cells of the cerebral vesi-
cle are not competent to respond to the signal. ExaminationAmphioxus is distinguished from most vertebrates in that
throughout its adult life it retains a distinct, differentiated in amphioxus of members of the hedgehog family of signal-
ing molecules should help distinguish between these possi-notochord which acts as an endoskeleton on which the axial
musculature may act. In many vertebrates, however, the bilities.
notochord is a transient structure, present only during em-
bryogenesis, where it performs a different role: Here the
Expression of AmHNF-3-1 in the Endodermnotochord acts as an organiser, inducing the ¯oor plate in
the ventral neural tube, then cooperating with the ¯oor Between the 10 and 13 somite stages, expression of
AmHNF-3-1 was seen in the midline cells of the endoderm,plate in establishing the dorsoventral pattern of the neural
tube and somites (Yamada et al., 1993; Fan and Tessier- which in vertebrates also express HNF-3 class genes (Ruiz
i Altaba and Jessell, 1992; Ang et al., 1993; Monaghan etLavigne, 1994; Johnson et al., 1994). Is this patterning sys-
tem conserved with amphioxus? In vertebrates, a consistent al., 1993). Thus, conserved expression of HNF-3 genes was
found in the midline cells of all three germ layers. Thefeature of the ¯oor plate is its expression of HNF-3 class
genes. Extended staining and sectioning of 24-hr amphioxus function of midline endoderm in development is not
known. However, its presence in urochordate embryos (Sa-embryos hybridised to an AmHNF-3-1 probe positively
identi®ed expressing cells in the ventral midline of the neu- toh, 1994), plus this demonstration that it exists as a molec-
ularly distinct structure in amphioxus, suggests that it is aral tube. Electron microscope studies of amphioxus larvae
have previously suggested that cells of the ventral midline conserved ancestral tissue in chordates. Therefore, it may
also have a conserved function in the development of theof the neural tube may be considered as ¯oor plate on histo-
logical grounds (Lacalli et al., 1994). The expression of HNF- chordate body plan.
Expression of AmHNF-3-1 was also detected in other3 class genes by these cells in both vertebrates and amphi-
oxus strongly supports this contention. Furthermore, the areas of endoderm. In vertebrates, several organs derived
from endoderm also express HNF-3 class genes, includingobservation that only neural cells overlying the notochord
express AmHNF-3-1 suggests that the amphioxus ¯oor plate the liver, lungs, and gut (Ang et al., 1993; Monaghan et al.,
1993; Sasaki and Hogan, 1993; Ruiz i Altaba et al., 1995).may be induced by direct contact with notochord cells, as
has been shown in vertebrates (Placzek et al., 1990). We can Assignment of homology between these tissues and speci®c
areas of amphioxus endoderm is, however, tenuous untilthus conclude that the evolution of the ¯oor plate as a
distinct structure in the neural tube occurred prior to the con®rmed by further molecular, morphological, or func-
tional studies.separation of the amphioxus and vertebrate lineages, and
therefore prior to the duplication of HNF-3 class genes seen
during chordate evolution. ConclusionsThe anterior of the amphioxus neural tube forms a dis-
tinct swelling known as the cerebral vesicle. Historically, In this study I provide evidence that the expression of
HNF-3 genes in the neurectoderm, mesoderm, and endo-much discussion has centred on the relationship of the cere-
bral vesicle to the vertebrate neural tube; however, recent derm has been conserved between amphioxus and verte-
brates, lineages which have been diverging for at least 520molecular and anatomical evidence suggests homology to
the vertebrate brain, particularly the diencephalon (Lacalli million years (Sansom et al., 1992). From this I have made
three main deductions: Firstly, that the genetic pathwayet al., 1994; Holland and Garcia-FernaÁ ndez, 1996; Lacalli
1996). In vertebrates, the exact anterior limit of the ¯oor involving Brachyury and HNF-3 genes and leading to the
speci®cation of dorsal mesoderm evolved prior to the sepa-plate has been a matter of some debate, with a recent model
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schlerotome induction by a hedgehog homolog. Cell 79, 1175±ration of the amphioxus and vertebrate lineages. Secondly,
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Felsenstein, J. (1993). PHYLIP version 3.5c. University of Washing-ventral neural tube also evolved prior to this separation.
ton, Seattle.Finally, that these roles evolved prior to the duplications of
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